Background: Mesenchymal stem cells (MSCs) are important for regenerative medicine. Limbal fibroblasts (LFs), present in the corneal limbus, have been shown to possess MSC characteristics, and can differentiate into other cell types. The current study sought to investigate the effect of microgravity on the proliferation and differentiation of LFs, and identify culture conditions to obtain a high proportion of LFs possessing MSC characteristics. Methods: A rotary cell culture system was used to generate microgravity. Cellular proliferation and MSC marker (CD14, CD45, CD90, CD105, and SSEA4) expression were evaluated by WST-1 test and flow cytometry, respectively. Differentiation of LFs into adipocytes, osteocytes, and chondrocytes was examined. The effects of LF-conditioned medium on limbal stem cell differentiation were assessed. Results: The cellular proliferation rates under microgravity were significantly lower than those under normal gravity (0.44 vs. 0.18 at 24 h, and 0.70 vs. 0.44 at 48 h, both P 0.004). Higher proportions of cells expressed CD90 (95.33% vs 81.69%), CD105 (95.32% vs 87.96%), and SSEA4 (68.26% vs 26.13%) under microgravity than under normal gravity. The differentiation potential of LFs was more prominent under microgravity. The LF-conditioned medium attenuated the differentiation of limbal corneal epithelial stem cells. Conclusion: Under microgravity, LFs showed a higher proportion of MSC characteristics and were easily induced into different linage cells. Culture in a microgravity environment may allow harvesting a greater number of MSC-like LFs for stem cell therapy in ocular surface reconstruction.
Introduction
Mesenchymal stem cells (MSCs) are characterized by selfrenewal and multi-directional differentiation, and have the ability to repair damaged tissues. 1, 2 Areas of current stem cell research include identifying different sources of stem cells and promoting their differentiation. Stem cells originating from the limbus and corneal stroma show promise in treating corneal injuries and diseases such as corneal blindness, which affects more that 10 million people worldwide. 3 Conflicts of interest: The authors declare that they have no conflicts of interest related to the subject matter or materials discussed in this article.
Proliferation of limbal epithelial stem cells slows under continuous culture conditions, resulting in cellular differentiation. 4 Epithelial-mesenchymal transition (EMT) can occur in the late stages of limbal epithelial stem cell culture, leading to senescence and a decrease in cell number. 4, 5 Fibroblasts, one of the products of EMT, can be induced to transition into stem cells by a process called mesenchymal-to-epithelial transition (MET). 6 Limbal fibroblasts (LFs), which exist in the corneal limbus and serve to secrete cytokines and maintain the dynamic balance of the corneal epithelium, 7 have recently been shown to possess mesenchymal stem cell characteristics. 8e10 Certain subtypes of LFs can be induced to differentiate into osteoblasts, chondrocytes, adipocytes, myocardial cells, and nerve cells. 11 A recent study indicated that LFs also have the capacity to differentiate into corneal epithelial cells. 12 Limbal fibroblasts and limbal stem cells express markers characteristic of MSCs such as CD14, CD90, CD105, and SSEA4. 9 ,13e15 CK3 and CK12 are intermediate filament keratins found in the intracellular cytoskeleton of epithelial tissue that are specific to human corneal epithelial cells. 12 The lack of cell surface expression of CD14 (a monocyte marker) and CD45 (a pan leukocyte marker) has also been used to support the identification of MSCs. 10, 13 Past research has shown that a 2D culture environment will alter the expression of cellular DNA, reduce the ability of cells to differentiate, and change cell characteristics. 16 In contrast, a 3D culture environment has been shown to promote cellular clustering, and enhance interactions between cells. While a microgravity environment can alter the cytoskeleton and cellular activity, 17, 18 the mechanism by which microgravity promotes cellular proliferation and differentiation has yet to be determined. Zero gravity (0 G) is ordinarily defined as a G value of 1 Â 10 À6 G, and gravity values below this level are known as microgravity. When mouse embryonic stem cells are cultured in a microgravity environment, their ability to adhere decreases, which causes a reduction in the total quantity of cells. 19 Culture in a microgravity environment increases the proportion of mouse bone marrow MSCs that differentiate into nerve cells 20 and osteocytes, 21 and promotes stem cell differentiation via an adipocyte pathway. 22 The current study sought to investigate the effect of microgravity on the proliferation and differentiation of LFs by culturing these cells in a microgravity environment, and identify appropriate in vitro culture conditions to obtain a high proportion of LFs possessing MSC characteristics. A microgravity environment was created using a rotary cell culture (RCC) system consisting of a rotating culture vessel surrounding a central axis. Depending on the carrier, the 3D culture models employed in this study consisted of magnetic bead micro-carrier culture, artificial cytoskeleton culture, and a rotary microgravity culture system altering the gravity environment. The rotary motion prevented settling, and created a low fluid shearing force environment. The RCC system's rotating high aspect ratio vessel (HARV) served two different functions: (1) the vessel maintained a low shearing force within the fluid, micro-carriers, and cells during rotary culture, thus reducing mechanical damage; and (2) a semipermeable membrane in the vessel facilitated gas exchange by the cells, and avoided the formation of bubbles due to turbulence caused by the rotary motion. 23 The results of this study may help to optimize LF culture conditions for reconstructive therapy for patients with external eye injuries and corneal disease, as well as help to address to the lack of cellular therapy methods for corneal stem cells.
Methods
This study involved limbal tissue that was due to be discarded as a result of corneal transplant surgery. The tissue was obtained from the Department of Ophthalmology at Tri Service General Hospital, and the study was approved by the Institutional Review Board.
Prior to culturing the limbal tissue, 3T3 fibroblasts were cultured, and then treated with 10 ng/mL of mitomycin C for 2.5 h to inhibit cell proliferation. The 3T3 cells were cultured at a density of 20 Â 10 4 cells per 10 cm 2 in Dulbecco's Modified Eagle Medium-High Glucose (DMEM-HG, Invitrogen, Carlsbad, CA, USA) and served to provide a nutritive layer for the limbal tissue.
The epidermal layer of the limbal tissue was gently scraped in PBS with a blade to remove the limbal epithelial cells. These cells were placed in 5 mL of 2.2 ng/mL dispase solution. After incubation at 37 C for 1.5 h, the cells were incubated in 0.2% trypsin at 37 C for 10 min. The limbal tissue was then subdivided into small, equal parts, which were placed on the 3T3 nutritive layer with keratinocyte serum-free medium (keratinocyte-SFM, Invitrogen) with 10% fetal bovine serum. After 10 days, two types of cells appeared: limbal epithelial stem cells and LFs. The former cells were observed in the culture medium in a microgravity environment. Because the LFs were used in this microgravity environment experiment, they were assessed during the firstgeneration stage, and the culture medium was then switched to M199 (Medium 199, SigmaeAldrich, St. Louis, MO, USA). Since the 3T3 cells had lost their proliferation ability, they gradually died. The M199 culture fluid was not sufficient to maintain the viability of the cultured limbal epithelium stem cells. Therefore, they also gradually died.
The microgravity (MG) group of cells was cultured in a rotary cell culture system (RCCS; Synthecon, Inc., Houston, TX, USA) that served to simulate microgravity. The control group was cultured under normal gravity (NG) conditions. Second-to fourthgeneration cells were used for both treatment groups. Since the LFs were anchorage-dependent cells, they were coated on microcarriers by first mixing 500 mL 0.5% sterile alginic acid solution and 500 mL LF cellular fluid to form an alginic acid-cell mixture with a total volume of 1 mL. The mixture was then aliquoted into culture plates containing 5 mL CaCl 2 solution for chelation. Spheres formed within 10 min, and the plates were then gently shaken a few times every 5 min. After jelly-like spheres had formed, the plates were washed twice with PBS to remove the CaCl 2 . The microgravity simulator used fluid force to achieve microgravity with the HARV (Synthecon, Inc.) used to house the cell cultures. The HARV contained a semipermeable membrane that permitted the diffusion of oxygen and carbon dioxide. The algin spheres were poured onto the gas-permeable membrane before the experiment began. The HARV culture tubes were then mounted on the RCCS, and cultured at a rotational velocity of 15 rpm in an incubator at 37 C and 5% CO 2 atmosphere. After the LF had been cultured for 3 days in both environments, they were removed from the micro-carriers and placed in ordinary culture plates for 2D culture. The algin spheres were dissolved to release the LFs. Citrate (0.05 M) was used to liquefy the alginic acid: the micro-carriers bearing cells were placed in 15 mL centrifuge tubes, 3 mL of citric acid solution was added, and the liquid was gently shaken 30 to 40 times. An equal volume of culture medium containing 10% serum was added to neutralize the solutions, which were spun in a centrifuge at 1200 rpm for 5 min. The resulting cells were placed in 2D culture plates for culture and observation.
A premixed WST-1 cell proliferation reagent (Clontech Laboratories, Inc., Mountain View, CA, USA) was used to determine the proliferation rate of the cells. When the LFs were recovered from the micro-carriers, they were placed in 12-well culture plates, at a density of 5 Â 10 3 cells/well. The plates were cultured at 37.5 C in a 5% CO 2 atmosphere for 2 days, and 40 mL WST-1 cell proliferation reagent (dilution of 1:10) was added and the cells were incubated for 3 h. Afterwards, 100 mL samples were added to wells of a 96-well plate. Absorption values at 450 nm were read on an ELISA reader.
Cellular fluorescence immunoassay
After removing the culture medium from the experimental and control groups, 4% paraformaldehyde was added to fix the cells. The cells were then incubated in 0.2% triton X-100 for 10 min to permeabilize the membranes in locations where antibodies had bound to cells. Next, 1% bovine serum albumin (BSA) was added to eliminate non-specific antigen binding and the cells were incubated for an additional 30 min. The primary antibody (Stro-1; 1:100, Invitrogen) was then added, and the solution was allowed to react at 4 C for 12 h. After this incubation, the secondary fluorescent antibody (FITC) (1:200 dilution, Invitrogen) was added, and the solution was maintained at room temperature for 1 h. The cells were finally incubated with the nuclear stain DAPI 5 min prior to observation using confocal microscopy.
Induced differentiation and staining of adipocytes, osteoblasts, and chondrocytes
(1) Induction of adipocytes After the LFs had been cultured in the experimental environment for 3 days, approximately 10 Â 10 4 cells from the microgravity group and normal gravity group, respectively, were placed in 6-well culture plates. After the cells had undergone approximately 8 divisions, an adipocyte induction solution containing 0.5 mM isobutyl methylxanthine (SigmaeAldrich), 60 mM indomethacin (Abcam, Cambridge, UK), 5 mg/mL insulin (Tocris, Park Ellisville, MO, USA), 1 mM dexamethasone (SigmaeAldrich), and 10% FBS was added to both groups to induce cellular differentiation. The adipocyte induction culture was observed for 21 days, and the culture medium was changed every 3 days. By approximately the 10th day, the morphology of the LFs began to change. The cells began to produce fat droplets by the 16th day.
Oil red O staining method to test for adipocytes
When the LFs differentiate into adipocytes, triglycerides will accumulate in the cytoplasm and form fat droplets, which allows the Oil red O staining method to be used.
(2) Induction of chondrocytes After the cells had grown for approximately 8 divisions, chondrocyte induction solution consisting of 0.1 mM dexamethasone (SigmaeAldrich), 10 mM В-glycerol phosphate (SigmaeAldrich), 200 mM vitamin C (SigmaeAldrich), 4 mM calcium chloride (SigmaeAldrich), and 10% FBS was added to both groups. The morphology of the LFs had begun to change by the 9th day.
Use of the Alcian blue staining method to test for the presence of sulfate groups
The differentiation of LFs into chondrocytes results in the production of glycosaminoglycans (GAGs). Of the 3 types of glycosaminoglycansdhyaluronic acid, chondroitin sulfate, and keratan sulfatedonly hyaluronic acid has no sulfate groups.
(3) Induction of osteocytes After the cells had grown for approximately 8 divisions, an osteocyte induction solution containing 0.1 mM dexamethasone (SigmaeAldrich), 0.2 mM vitamin C (SigmaeAldrich), 1 mM sodium pyruvate (Invitrogen), 40 mg/mL proline (SigmaeAldrich), 10 mg/mL TGF-B3 (R&D Systems, Minneapolis, MN, USA), and 5 mg/mL insulin (Invitrogen) was added to induce osteocyte differentiation. Changes in the morphology of the LFs could be observed by the 7th day, and calcium ion deposition could be observed by the 10th day.
Use of Alizian red S staining to test for calcium ion deposition
When LFs differentiate into osteocytes, they produce largescale calcium ion deposits. Alizarin red binds with calcium ions, forming red deposits.
(4) Protein analysis using MSC markers When the cells were harvested from the microgravity and normal gravity environments, the cells and culture medium were collected in 15-mL centrifuge tubes, to which fluorescent antibodies were added (CD14, CD45, CD90, and CD105 [BD, Franklin Lakes, NJ, USA], SSEA4 [R&D Systems]), dissolved in 1% BSA. The tubes were placed in an ice water bath for 2 h and kept in the dark. Next, 500 mL PBS buffer solution was added, and filtration with a 70-mm mesh was performed to prevent the cells from clumping. Flow cytometry was then performed (BD FACS Calibur cell analyzer).
(5) Use of LF-conditioned medium After the LF in the NG and MG groups had been incubated in M199 medium supplemented with 10% FBS for 3 days, there were roughly 1 Â 10 6 cells present. The conditioned medium was collected and subjected to centrifugation at 1500 rpm for 5 min. The supernatant was collected, and filtration was performed with 70 mm and 0.45 mm filters to remove debris, resulting in the LF-conditioned medium. The conditioned medium was then mixed with KSFM in a 1:1 ratio, and a total of 1 mL was added to the limbal epithelial stem cells derived from the corneal limbal tissue. Flow cytometry was performed after incubation for 3 days.
Statistical analysis
Proliferation data were presented as mean ± standard deviation, and tested using an independent t-test. All statistics analyses were 2-sided, and a value of P < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS statistical software for Windows (version 22.0, IMB Corp., Armonk, NY, USA).
Results
After the LF had been subjected to NG and MG environments for 3 days, propidium iodide (PI) staining revealed the nucleoli were clearly visible. This suggested the cellular activity was normal and the cells were viable (Fig. 1) . The cellular proliferation rates detected under MG conditions at 24 h and 48 h were significantly different from those observed under NG (0.44 vs. 0.18 at 24 h, and 0.70 vs. 0.44 at 48 h, both P 0.004; Fig. 2) .
Upon exposure to the NG environment for 3 days, the LFs expressed the Stro-1 marker protein (Fig. 3) , which suggested that the LFs possessed MSC characteristics. After the cells had been cultured in an MG environment for 3 days, the LFs appeared to express more Stro-1 protein than those in the NG group (Fig. 3) . These findings suggested the incubation of LFs in an MG environment increased the proportion of cells with MSC characteristics. Each batch of LFs in the flow cytometry experiments contained approximately 1 Â 10 6 cells/mL. Cells were cultured in NG without antibodies as a reference standard, and auto-fluorescence signal from the cells was defined as M1. The fluorescence signal from the antibody-stained group was stronger than that of the standard group (defined as M2). Cells in the NG and MG groups were assayed using antibodies against 4 MSC surface markers. Cells that exhibited CD90
þ , CD14 À and CD45 À were regarded as MSCs (Figs. 4e7) .
Histogram analysis revealed that CD90 þ cells in the NG group and in the MG group were 81.69% and 95.33%, respectively ( Fig. 4B and C) . CD105 þ cells in the NG group and MG groups were 87.96% and 95.32%, respectively ( Fig. 5B and C) . The proportion of cells that expressed CD90 and CD105 was higher under MG than under NG.
In both the NG and MG groups, surface expression of CD14 was not significantly induced (0.67% versus 0.97%; Fig. 6B and C) . Similarly, surface expression of CD45 was not obviously induced in both groups (0.58% versus 1.50%; Fig. 7B and C) . These results indicated that the gravity condition did not alter the surface expression of CD14 and CD45 in examined cell populations.
Ability of LF cells to differentiate into adipocytes, osteocytes, and chondrocytes under induction
LFs were cultured in NG and MG environments for 5 days in the presence of the corresponding induction solutions to induce differentiation into adipocytes, osteocytes, or chondrocytes. Three groups were used in this experiment: a noninduced MG group, an induced NG group, and an induced MG group. The non-induced cells in the MG group did not exhibit characteristics of differentiation when examined using Oil-O red, Alizian red, or Alcian blue staining (Fig. 8) . Therefore, without induction, an MG environment itself did not appear to cause LFs to differentiate into adipocytes, osteocytes, or chondrocytes. On the other hand, LF cells were able to be induced into adipocytes, osteocytes, and chondrocytes in both the NG and MG groups to some degree (Fig. 8) . Cells in both groups exhibited staining by Oil-O red, Alizian red, and Alcian blue, but staining was greater in the MG group. These results indicated culture in a MG environment increased the number of LFs undergoing induced differentiation.
LF cells and SSEA4
SSEA4 is an embryonic stem cell marker protein. This experiment used LFs cultured in NG and MG environments to quantify SSEA4 surface expression using flow cytometry. The results showed that 26.13% of LF in the NG group LF exhibited SSEA4, while 68.26% of LF in the MG exhibited SSEA4 (Fig. 9) . These results indicated that an MG environment could increase the surface expression of SSEA4 on LFs.
The effects of conditioned medium derived from the NG group and MG group on corneal epithelial stem cells
To examine the effects of conditioned medium from LF cells on corneal epithelial stem cells, conditioned media were collected from 3-day cultures from the NG and MG groups. The conditioned media were then mixed with an equal volume of fresh KSFM. Corneal epithelial stem cells were divided into a fresh KSFM without antibody (KSFM-unstained) group, fresh KSFM þ CK3þ12 antibody group, KSFM/NG conditioned medium þ CK3þ12 antibody group, and KSFM/MG conditioned medium þ CK3þ12 antibody group. The corneal epithelial stem cells without antibody group was used to define the size of the corneal epithelial stem cells, and the scope of their auto-fluorescence (Fig. 10A) . When cultured in KSFM medium, 88.12% of the cells expressed the CK3þ12 epithelial cell marker protein (Fig. 10B) . Culture in the KSFM þ NG conditioned medium slightly reduced the expression of CK3þ12 (Fig. 10C) , while culture in the KSFM þ MG conditioned medium reduced the expression of CK3þ12 to an even greater extent (Fig. 10D ).
Discussion

Relationship between microgravity environment and proliferation rate
The results of this experiment demonstrated that the proliferation rate of LFs cultured in an MG environment for 3 days was significantly reduced compared with that of cells cultured in an NG environment. The expressions of MSC marker proteins CD90, CD105, and SSEA4 were increased in cells exposed to MG. In addition, the differentiation potential of LFs after MG stimulation was more prominent than that of LF in NG. Furthermore, LF-conditioned medium attenuated the differentiation of limbal corneal epithelial stem cells. Previous research has found that stem cells are very sensitive to changes in gravity, and will respond to their local environment. 21 These changes include cytoskeletal changes and alteration of ability of the cells to adhere to their substrate, 24 which can influence the growth rate of the cells. 19 The decrease in the proliferation rate of the cells after culture in an MG environment is consistent with findings in the literature. In an MG environment, cell proliferation factors such as Akt and Erk1/2, IGF-I, EGF, and bFGF decrease. 21, 25, 26 The MSC proliferation rate in the rear legs of mice was significantly reduced in an experiment in which the rear legs were suspended for 5 days in order to model a state of weightlessness. 27 That study also observed changes in cytoskeletal structure, breakage of F-actin protein microfilaments (G1/G0), and the inhibition of microtubule aggregation (G2/M). Based on these findings, we hypothesized that culture in an MG environment could potentially inhibit the proliferation rate of LFs via changes in the cellular cytoskeleton.
Increase in the quantity of MSCs in an MG environment
Proliferation of limbal epithelial stem cells has been shown to slow under continuous culture conditions. 4 Epithelialmesenchymal transition can occur in the late stages of limbal epithelial stem cell culture, leading to cellular senescence and a decrease in cell number. 4, 5 Exogenous transcription factors can induce fibroblasts to transition into stem cells via mesenchymal-to-epithelial transition. 6 However, the mechanism for this transition is not well understood. This study found that while the proportion of LFs bearing MSC marker proteins increased after culture in an MG environment, these cells did not express CD14 and CD45 proteins. This suggested that the proportion of LFs with MSC characteristics had increased. This may have been due to changes in the cell cycle, which increased the lifespan of cells with stem cell characteristics. Past research has indicated that 90% of cells will be in the G0/G1 phases of the cell cycle when cultured in an MG environment, and will thus be in a nonproliferation state. 21 Sidney et al. 15 showed primary human corneal stroma-derived stem cells exhibited high expressions of CD90 and CD105 when cultured in M199 medium containing 20% FBS. Culture in an MG environment in this experiment increased the proportion of LF cells bearing CD90 and CD105 markers; these results may perhaps contribute to further progress in regenerative medicine applications. The results of this experiment indicated that it is easier to induce the differentiation of LFs cultured in an MG environment than cells cultured in an NG environment. PPARg has been shown to be a transcription factor controlling the differentiation of MSCs into adipocytes, which will reduce the expression of lipoproteins, leptin, and glucose transporter protein. 28 Regulation of PPARg is linked to p38 MAPK and the dephosphorylation of ERK1/2. 29 Expression of ERK1/2 has been shown to decrease and p38 phosphorylation to occur in mouse cranial bone cells cultured in an MG environment. 28 This caused the expression of PPARg to increase, which led to bone loss and induction of adipocyte development. Because the current experiment only observed changes in LFs after culture in an MG environment, and did not obtain clear evidence for the mechanisms of the observed effects, future research should seek to verify the expression of PPARg in cells cultured under NG and MG.
(2) Induced differentiation into osteocytes
The results of this experiment indicated that it is easier to induce the differentiation of LFs cultured in an MG environment into osteocytes than cells cultured in an NG environment. It is known that the transcription factor RUNX2 is the chief factor controlling the ability of MSCs to differentiate into osteocytes, and regulation of RUNX2 is connected with ERK1/2 phosphate. 29 Contrary to the results of the current study, other published experiments suggested that culture of MSCs in an MG environment inhibits the expression of osteocytes. This discrepancy may be because the method employed in this experiment was culture in an MG environment, followed by induced expression, and only differentiation into osteocytes in the NG and MG groups was observed. In order to clarify the results of this experiment, it will be necessary to compare the expression of RUNX2 in cells cultured under NG and MG. (3) Induced differentiation into chondrocytes An MG environment can upregulate the expression of a cartilage-specific gene, producing transforming growth factor (TGF)-b1. 30, 31 The application of physical forces promotes the expression of TGF-b1, which induces the activation of transcription factor SOX9 and the differentiation of chondrocytes. When chondrocytes are cultured in an MG environment, expression of TGF-b1 will be greater than in a control group. This may be because the activation of SOX9 promotes the increased expression of chondrocytes. 32 Future research may therefore seek to verify the expression of transcription factor SXO9, and use this to quantitatively examine the influence of an MG environment on LFs.
Relationship between a MG environment and expression of SSEA4
When cultured in induction fluid, LFs (including those expressing SSEA4) can express the neuron marker proteins NF-H and MAP-2, as well as express the myocardial cell marker proteins a-actin and b-MHC. 11 In addition, when CK3 and CK19 corneal epithelial cell marker proteins are used to assess LFs, the subgroup bearing SSEA4 can be induced to differentiate into epithelial cells in even greater quantities. 12, 33 Past research has also indicated that when embryonic stem cells are cultured for 2 weeks in a 3D environment, the expressions of embryonic stem cell marker proteins SSEA4, Oct4, and SOX2 are all increased compared with cells cultured Fig. 9 . Surface expression of SSEA4 on limbal fibroblasts detected by flow cytometry. Limbal fibroblasts were cultured under normal gravity or microgravity conditions for 3 days, and then subjected to flow cytometry to quantify the surface expression of SSEA4. (A) Normal gravity without primary antibody; (B) normal gravity with anti-SSEA4 antibody; (C) microgravity with anti-SSEA4 antibody. M1 and M2 were gated for SSEA4 þ and SSEA4 À cells, respectively. PE:
phycoerythrin.
in a 2D environment. 34, 35 The results of the current experiment are consistent with these findings.
Ability of LFs to maintain limbal epithelial stem cells in an undifferentiated state
When there is a deficiency in limbal stem cells, due to either disease or injury (such as ocular burns), treatment often involves autologous transplantation of explanted limbal stem cells.
36e38 Mouse fibroblasts (3T3 cells) have been used as feeder cells for limbal stem cell cultures. 39 Rat mesenchymal stem cell-conditioned medium has been shown to increase the viability of corneal limbal epithelial cells compared with cells cultured in normal medium. 40 Several human cell types, including fibroblasts and MSCs, have been used as feeder cells to help maintain the limbal stem cell phenotype. 37, 41, 42 Human limbal fibroblasts and stromal cells have recently been identified as viable replacements for 3T3 cells in vitro. 43 One advantage of this approach is the possibility of isolating cells from the same patient to produce autologous limbal stem cells. 37 Artificial alternatives to feeder cells are being developed. Real architecture for 3D tissue (RAFT) equivalents have shown promise in maintaining human limbal epithelial cells and corneal stromal stem cells. 44 Bioengineered collagen matrices have been successfully used as carriers for human pluripotent stem cell-derived limbal epithelial-like stem cells. 45 This represents a potential tissue engineering approach for corneal reconstruction.
Limbal epithelial stem cells have the ability to make repairs to damaged corneal epithelial cells, and LFs provide a beneficial micro-environment that supports these stem cells. 46 One study showed that when conditioned medium in which LFs had been cultured was injected into areas of injured corneal epithelium of mice, the corneal epithelium was restored to its original condition after 3 weeks of treatment. 47 This may be explained by factors secreted by LFs, such as hepatocyte growth factor and keratinocyte growth factor, 48 which promote the proliferation of epithelial stem cells. 49 
Study limitations
We acknowledge the micro-carriers used to culture the LFs may have affected their expression of the marker proteins of interest. Since culture in M199 medium has been shown to increase CD90 and CD105 expression, 15 there may have been a synergistic effect of the culture conditions with the MG environment, which would be difficult to discriminate.
In conclusion, the results of the current experiment indicates that the ability of LFs cultured in an MG environment to maintain epithelial stem cells in an undifferentiated state is greater than that of cells cultured under NG. This may occur because the foregoing factors are expressed at higher levels under MG than under NG. These stem cells have potential clinical utility for the treatment of limbal cell deficiencies such as congenital corneal defects or corneal injuries.
